P rimary intracranial germ-cell tumors (GCTs) are rare, accounting for 1% to 3% of all brain tumors in children. 1 Typically these are midline tumors arising from either the pineal or suprasellar region or occasionally both sites. They are more frequent in boys and have a peak incidence in puberty. These are rare tumors which encompass a multiple unique spectrum of tumor types, the management of which is dependent on the histological diagnosis. 2 The optimal management of intracranial GCTS remains to be established. During the last two decades, the principle treatment objective for germinomas has been to determine the minimum effective treatment that will maintain high tumor control rates. For non-germinomatous germ cell tumors (NGGCTs), the objective has been to improve survival rates by an appropriate combination, and as yet an intensification of systemic chemotherapy and radiation treatment. 3 
PATIENTS AND METHODS
King Faisal Specialist Hospital and Research Center (KFSHRC) provides general tertiary care services and includes the national cancer treatment center for Saudi Arabia. A total of 57 patients with intracranial GCTs were recorded in the Tumor Registry at the KFSHRC Cancer Center between 1985 and 2007. Seven patients treated for germinomas without a tissue diagnosis in the early years of the study were excluded. The medical files of the remaining 50 patients with GCTs were reviewed: 48 had a biopsy-proven diagnosis of intracranial GCTs, and two patients were diagnosed as having NGGCT based on imaging studies and elevated serum and cerebral spinal fluid. All patients underwent imaging of the brain; CT in earlier years of the study and MRI in the recent years. Staging workup included MRI of the spine (35 patients), CSF cytology (34 patients), and serum (50 patients) and CSF (20 patients) human chorionic gonadotrophins (HCG) and alpha-fetoprotein (AFP). There were 31 patients with germinomas, and 19 with NGGCT. Serum markers were elevated in 23 patients: 7/31 patients with germinoma had elevated HCG in the range of 25-100 mIU/mL. Among 19 NGGCT patients, elevated AFP was noted in nine patients, elevated HCG in one patient with choriocarcinoma, and elevated HCG as well as AFP in 4 patients. Overall, CSF cytology was positive in only 3 out of 34 (8%) patients with available data. In addition, there was MRI evidence of gross subarachnoid spinal disease (M3) in six patients.
The median age for the whole group was 12 (range 3-36) years. There were 39 males and 11 females. The tumor was located in the pineal region in 27 patients (54%), in the suprasellar region in 20 patients (40%), and 3 patients had multiple tumors arising in both regions (6%). The common presenting signs and symptoms were increased intracranial pressure (ICP) and hydrocephalus 54% (27 patients), visual impairment (acuity, diplopia, field deficits, blindness) 40% (20 patients), diabetes insipidus 22% (11 patients), endocrinopathies 30% (15 patients), Parinaud syndrome or other ocular palsy 10% (5 patients).
The database was analyzed using SPSS statistical software (IBM Corp. Armonk, NY, United States). The Kaplan-Meier method was used to calculate overall survival (OS), event-free survival (EFS) and relapsefree survival (RFS) curves, with 95% confidence intervals (CIs). Overall survival was defined from the date of diagnosis to the date of death or last follow-up. EFS was calculated from the date of diagnosis until the date of the first event, defined as relapse, progression, death from any cause, or last follow-up. RFS was calculated for patients who achieved a complete remission, from the date of diagnosis to the date of first relapse or of last follow-up. Univariate analyses were performed to evaluate variables influencing OS, such as age, gender, histology, radiation tumor dose, radiation volume, extent of surgery, use of chemotherapy, and year of diagnosis using the log rank test.
Overall, 48 patients underwent surgery: craniotomy and biopsy (27), partial resection (18) and total resection (3). For germinomas, craniospinal irradiation (CSRT) was used as a single-modality treatment in the early years of the study. Since 1992, the management guidelines for germinomas in the pediatric age group (<16 years) have changed from CSRT to elective bimodal therapy, use of upfront chemotherapy, with a reduction in the radiation volume and dose in order to reduce radiation toxicity. Three to four cycles of PVB (cisplatin+vinblastine+bleomycin) were followed by whole-brain RT plus boost with a 4 to 5 week gap between chemotherapy and RT. CSRT was only used in the high-risk group, defined as patients with metastatic disease, multiple tumor sites and/or elevated markers (HCG>100). The standard germinoma treatment for adults remained CSRT alone. CSRT was followed by a local boost with a 1-1.5-cm margin around the initial tumor. The RT dose to the whole brain was in the range 18-45 Gy (median, 30.6 Gy). The dose to the spine, when treated, was 18-37 Gy (median 32 Gy) and the dose to the primary tumor area was 30-55 Gy (median 48 Gy). Overall, 43 patients received RT: CSRT (24), whole brain and boost (11) and local RT alone (8) . For NGGCT the intent was to use upfront chemotherapy and RT in all patients.
Germinoma patients (n=31)
The median age for the germinoma group was 12 (range, 3-36) years. There were 23 patients <16 years of age (22 were below the age of 14). There were 22 males and nine females. The tumor site was pineal in 16 (51%) and suprasellar in 12 (38%). Multiple midline germinomas were observed in three patients (11%): two patients presented with tumors in two sites (suprasellar and pineal regions), and one patient had diffuse tumor involving the suprasellar, thalamic/hypothalamic regions, the lateral and third ventricles.
The histology was consistent with pure germinoma in 26 patients, and germinoma with trophoblastic elements in 5 patients, in whom the serum HCG was elevated (<100 mIU/mL). The CSF cytology was positive in only 1 of 19 (5%) patients who had lumbar puncture (LP) studies.
A spinal MRI study was available in 23 patients, with gross evidence of subarachnoid spread (M3) in two patients. The extent of surgery was biopsy only in 17 (55%), partial resection in 12 (38%) and total resection in 2 (7%) patients. Adult patients were treated in the adult oncology unit with CSRT only, whereas 20/23 patients younger than the age of 16 years were treated according to the pediatric protocol in the pediatric oncology department. They received primary chemotherapy as part of their treatment. The chemotherapy regimen was PVB (cisplatin+etoposide+bleomyc) in 18 patients and PIV (cisplatin+ ifosfamide+etoposide) in two patients. The number of cycles ranged from one to seven, with most of the patients receiving three to four cycles (15 patients). This was followed by RT in 18 patients. There were two toxic deaths due to sepsis, after one and three cycles of chemotherapy. Overall, 28 patients with germinomas were treated with RT: CSRT plus boost (15) , whole brain (WB) plus boost (11) and localized focal RT to tumor bed alone (2) . Eight patients treated with CSRT also received chemotherapy.
NGGCT patients (n=19)
The median age was 14 (range, 4-35) years. There were 17 males and 2 females. The tumor site was pineal in 11 (58%), and suprasellar regions in 8 (42%) patients. The histology was mixed GCT in 5 patients (26%), malignant teratoma in 4 (21%), endodermal sinus tumor in 4 (21%), embryonal carcinoma in 2 (10%), choriocarcinoma in 2, and unspecified NGGCT in 2 patients. At the time of initial evaluation 12 patients had MRI spine and 14 had LP for CSF cytology. There was evidence of disease dissemination to the spine in 6 patients: gross positive spinal metastases on MRI (M3) in 4, and positive cytology (M1) in 2 patients. Seventeen of 19 (90%) patients had surgery: biopsy (10), partial resection (6), and total resection (1). Sixteen patients received chemotherapy as part of their initial combined modality therapy (CMT), and 3 patients were treated with CSRT alone in the early years of the study. The chemotherapy regimens included various combinations of cyclophosphamide, ifosfamide, vincristine, vinblastine, cisplatin, carboplatin, etoposide, bleomycin, VP16, methotrexate and prednisone. The use of platinum-based chemotherapy became a standard in our protocols in the year 1990. The chemotherapy regimens used were PVB (11 patients), PIV (4 patients), and MTX/CDDP/VP16 (1 patient). The number of cycles varied between two and six (median four cycles). Radiation treatment was given to 17/19 (90%) patients; CSRT (14 patients), whole brain (WB) plus boost (1 patient), and partial brain plus boost (2 patients). Two patients received no RT: one due to toxic death after three cycles of PVB, while the other died from disease progression after one cycle of PVB. The doses to the primary tumor volume were in the range of 45-55 Gy (median 50.4 Gy). The whole brain when treated, received 28-45 Gy (median 34.2 Gy). The dose to the spine varied between 24-37 Gy (median 34.6 Gy).
There were three toxic deaths secondary to chemotherapy. Twenty-six patients had documented endocrinopathies before initiation of treatment (panhypopituitarism, decreased growth hormone, growth retardation, hypothyroidism, hypogonadism, precocious puberty). An additional nine patients required hormone replacement therapy after completion of treatment, which may have been due in part to RT toxicity. Patients were not evaluated formally for neurocognitive deficits; however, difficulty in schooling, and lost grades were common among survivors. To date no second malignant tumors have been observed during follow-up of the survivors.
RESULTS

Germinoma patients (n=31)
The 10-year OS, EFS and RFS rates were 87%, 88% and 96% respectively (Figures 1-3) , with a median follow-up of 4.5 years (range 3-17 years). A complete response (CR) was achieved in 30/31 patients. The response could not be evaluated in one patient who died from sepsis after the first cycle of chemotherapy. The other toxic death occurred in CR after three cycles of PEB, but prior to radiation treatment. There was only one death due to disease relapse. There was no significant OS and progression-free survival difference on univariate analysis by age, gender, site of disease, elevated HCG, extent of resection, the elective use of chemotherapy or the radiation volume or dose. In-field relapse after RT was not observed.
NGGCT patients (n=19)
The 10-year OS, EFS and RFS rates were 26%, 29% and 46% respectively (Figures 1-3) . The median duration of follow-up was 3 (range 1-13) years. CR was achieved in 13/19 (68%) patients. Six patients (32%) developed progressive disease during initial chemo- therapy, and were excluded from the RFS analysis. The significant prognostic variables in univariate analysis were age, (OS 48% at 5 years for patients <16 years old and 0% ≥16 years, P=.01) (Figure 4) , the time period of diagnosis, (OS at both 5 and 10 years was 45% for patients treated after 1990 and 0% for the period 1985-1990; P=.002) (Figure 5) . For the radiation tumor dose, the five-year OS was 52% when the dose was ≥50 Gy (11 patients) compared with 17% when the dose was <50 Gy (6 patients) (P=.03) (Figure 6) . In patients without spinal metastases at diagnosis, there were no significant differences in either local control or survival rates whether they were treated with CSRT, whole or partial brain RT.
Eleven patients died of disease, either from progression (PD) (5) or from relapse after an initial CR (6) . The sites of relapse were local alone (3 patients), local plus spine (2 patients), local and extra-CNS metastases in one patient (liver and abdominal metastases). Five of the six patients with progressive disease died without achieving a remission.
DISCUSSION
Many important questions regarding the management of intracranial GCTs remain unanswered. The literature consists mainly of retrospective reviews and a small number of prospective single or multiple institution pilot studies. [4] [5] [6] Prospective randomized studies have not been practical because of the small number of cases. Most single-institution series have included patients without tissue diagnosis, and some have lumped together germinomas and all forms of NGGCT when reporting outcome, making it difficult to determine the optimal management.
For germinoma, CSRT is the standard treatment with an OS approaching 100%. The minimum effective dose and volume of radiation alone, in non-disseminated cases, remains undetermined. The influence of adding effective chemotherapy on these parameters is under investigation. A controversial issue is whether the spine needs to be irradiated when there is no evidence of dissemination. For localized germinomas, the standard of care has shifted from CSRT to localized RT with 4, [7] [8] [9] or without chemotherapy. 10, 11 The overall EFS rates appear to be the same for patients treated with RT or RT plus chemotherapy. CMT with neo-adjuvant chemotherapy has been explored with the objective of reducing radiation volumes and doses in young patients with limited disease (M0). Whereas there is an agreement upon the use of lower RT doses for subclinical disease with bimodal treatment (24-30 Gy CSRT, 40-45 Gy to the primary) in patients with disseminated disease, controversies still exist regarding the definition of focal RT field volume for localized disease. For patients with limited disease, the initial RT volume varies from whole brain to partial brain or ventricular radiotherapy. 4, 5 Conclusions are hard to draw, given the variations in patient selection and dose and volume for radiation given. In the SIOP, SFOP and MAKEI experiences, using chemotherapy with focal RT to tumor bed plus margin was associated with an excess relapse in the ventricular area of about 10% compared to the standard CSRT. [4] [5] [6] The spinal failure rates reported in the literature vary from 6%-36%. 4, 5, 13 On the other hand, a limited review that assessed five retrospective studies published after 1997, estimated an isolated spinal relapse rate of 9% in patients who received no spinal RT.
14 Two US studies that combined multicenter experiences in the treatment of intracranial GCT, concluded that CSRT is not indicated in the treatment of localized germinoma. 15 The benefit of chemotherapy in germinomas is not yet proven; it is not clear whether with longer follow-up, CMT would substantially reduce late effects in comparison to CSRT, or whether CMT could be inferior because of the reduction in RT doses and volumes. Also, chemotherapy-related toxicity is not adequately reported in all studies. In a study from the Joint Center for Radiation Therapy, and Dana Farber Cancer Institute, Boston, that included 40 patients with the diagnosis of intracranial germinoma, the authors concluded that lower doses of CS-RT without chemotherapy appear to produce equally effective DFS and OS as do higher doses of RT or combination chemotherapy and RT. 10 In a recent study from Japan, 165 patients with localized intracranial germinoma were treated with cranial RT without spinal irradiation. Fifteen patients (9.1%) developed spinal recurrences. In this study, large intracranial germinomas (>4 cm) and multifocal disease were independent risk factors for spinal relapse. Radiation field, RT dose and the use of chemotherapy did not affect the occurrence of spinal recurrences. Salvage treatment with chemotherapy and RT was effective in controlling the recurrent disease.
16
Among the 31 patients with germinomas in our series, there was only one incidence of failure in a patient who was initially treated with chemotherapy followed by whole-brain RT. He developed isolated relapse in the spine, and died of disease progression despite salvage therapy.
In NGGCT, older reports on RT alone gave poor results with an OS of about 25%. Chemotherapy alone has been abandoned due to CNS progression and a relapse rate of 50%. Multimodality treatment integrating surgery, chemotherapy plus RT has become the standard over the last 25 years and has resulted in an OS increase to about 70%. 17, 18 This survival improvement has been attributed to advances in diagnostic imaging and surgical technique, the use of platinum-based multi-agent chemotherapy, and CSRT. The Japanese group undertook a Phase II study to establish postsurgical combined chemotherapy and radiation therapy for primary intracranial GCTs, using different chemotherapy regimens for different prognostic groups based on histology. 19 Also, a collaborative effort led to the development of the International Germ Cell Cancer Collaborative Group (IGCCCG) risk criteria.
20
Outcomes of NGGCTs depend on tumor type, hence the importance of establishing an accurate histological diagnosis.
21 This is often complicated by difficul-ties in obtaining adequate biopsy, and sampling errors in such heterogeneous tumors. Biopsy is mandatory except in patients where tumor markers are elevated at the time of presentation. While the desired extent of resection in germinomas is unclear, 22 total or subtotal resection, when practical with acceptable morbidity, was a common practice for NGGCT. The extent of initial surgical resection showed a prognostic significance in some series, 23 but not in others. 8 The introduction of highly effective cisplatin-based neoadjuvant chemotherapy obviated the need for upfront extensive resection in NGGCTs, since delayed resections have proven to be more complete and technically less difficult. In the SIOP 96 study, 40 patients with NGGCTs underwent surgery: 26 stereotactic procedures, 10 open biopsies and 33 attempted resections. There were 14 significant surgical complications, including three deaths. It was concluded that primary surgery was not beneficial for NGGCT patients. 18 Recently, minimally invasive interventions such as endoscopic tumor biopsy (ETB) were introduced for establishing tissue diagnosis in pineal and third ventricle tumors. 24 These interventions have gained preference over open surgical techniques in many centers, since they seem to have lower complications and mortality than open craniotomy and sterotactic biopsy. It is not quite clear whether ETB is as accurate as stereotactic or open surgical biopsy. In a neurosurgical series from the UK, failure to provide an adequate endoscopic biopsy for accurate histological characterization has been reported in only 24% of the cases. 24 There is scarce data addressing the appropriate RT field in NGGCT. Bimodal therapy with localized RT has been used for localized tumors. The question remains whether there are indications for CSRT other than tumor dissemination. In-field relapse or progression during RT is not uncommon, and RT doses >50 Gy are used. Salvage by second-line therapy is possible, but with a lower success rate than for germinoma.
In our series, except for one patient, local relapse in the primary site was a component of all failures. After chemotherapy for NGGCT of the brain or gonads, patients may continue to have residual radiologic abnormalities that may represent teratoma, necrosis, or residual GCT. 25 Teratoma is unresponsive to chemotherapy, and second surgical resection is the only effective treatment. This also applies to patients whose tumor markers have not normalized after initial chemotherapy, where second complete surgical resection may be more critical than recourse to more chemotherapy. This indicates the need for more aggressive local control primarily, whether in surgical approaches, and possibly higher RT doses in patients with residual disease. It also highlights the need for more intensive chemotherapy.
In the current series, the study time period showed to be a significant variable; there were no survivors among the eight patients with NGGCT treated between 1985-1989 as compared to a 45% five-year survival rate for patients treated after 1990 (11 patients). This could be attributed to improved anesthesia, neurosurgical and radiation therapy techniques, and better staging with the introduction of MRI at KFSHRC since 1990. Among the eight patients who were treated before 1990, none had MRI study of the spine. Some of these patients may have had disseminated disease that could have contributed to the poor outcome. The most important variable seems, however, to be the use of more aggressive platinum-based pediatric protocols, and better aggressive supportive treatment at our institution since 1990.
The superior OS in patients younger than 16 years of age (5-year OS 48% for <16 years old and 0% ≥16 years, P=0.01), is probably attributed to the use of more aggressive chemotherapy and supportive treatment pediatric protocols for this age group, as compared to the adult protocols used at our institution. In the early years of the study, three adult patients with NGGCT were treated with RT only without chemotherapy, which could be another contributing factor.
Tissue diagnosis of GCTs is mandatory prior to treatment except for patients with elevated markers. In germinoma, localized RT for M0 patients may be adequate. The determination of the RT volume and minimum effective dose remains to be determined. Long-term follow-up is needed to define the benefit of adding chemotherapy. For NGGCT, the use of CMT, and RT dose >50 Gy are important factors that influence outcome. The determination of which patients may be treated with local RT is the main question. Second-look surgery and resection of residual/ refractory tumors is always recommended.
